PbZr 0.2 Ti 0.8 O 3 ͑PZT͒ thin films with and without La 0.5 Sr 0.5 CoO 3 ͑LSCO͒ electrodes were grown epitaxially on ͑001͒ SrTiO 3 at 650°C by pulsed laser deposition. The domain structure of the 400 nm thick PZT films with different electrode layer configurations was investigated by x-ray diffraction and transmission electron microscopy. The c-domain fractions of the PZT films with no electrode layer, with a 50 nm electrode layer between the film and the substrate, and with 50 nm electrode layers on top and bottom of the PZT film were found to be equal. Theoretical estimation of the c-domain fraction based on the minimization of the energy of internal stresses in films is in good agreement with experimental results. This means that depolarizing fields do not affect the polydomain structure of the film. Calculations of the in-plane strains based on the lattice parameters of the LSCO layer in the above configurations led to the conclusion that the bottom electrode layer is coherently strained to match the substrate.
I. INTRODUCTION
During the past decade, epitaxial ferroelectric thin films have received considerable interest because of their potential applications as elements of nonvolatile random access memories ͑NVRAMs͒ and static ferroelectric random access memories ͑SFRAMs͒, optical waveguides, and pyroelectric detectors. Improvements in the deposition techniques have made it possible to deposit ferroelectric films with good compositional control on various substrates.
Experimental studies indicate that epitaxial ferroelectric films undergoing a cubic-tetragonal phase transformation usually form polydomain structures. The polydomain structure generally consists of two of three possible orientational variants ͑or ferroelastic domains͒ separated from each other by 90°domain walls. The most common structure is the c/a/c/a polydomain pattern which consists of alternating c-domains with the tetragonal axis perpendicular to the filmsubstrate interface and a-domains with the c axis of the tetragonal film along either ͓100͔ or ͓010͔ directions of the substrate. These structures are commonly observed in BaTiO 3 , [1] [2] [3] [4] [5] PbTiO 3 , [6] [7] [8] [9] [10] Pb(Ti 1Ϫx Zr x )O 3 , [11] [12] [13] [14] Pb 1Ϫx La x TiO 3 , [15] [16] [17] and KNbO 3 18 epitaxial films on various cubic and pseudocubic substrates. Transmission electron microscopy ͑TEM͒ studies indicate that the interdomain interface is usually along ͕101͖ planes.
The formation of polydomain patterns as a mechanism of strain energy relaxation was theoretically predicted as early as 1976. 19 In recent years, together with experimental data, there have been significant developments in the theoretical description of polydomain formation in constrained ferroelectric films 6, [20] [21] [22] [23] [24] [25] [26] and multilayer heterostructures containing ferroelectric layers as active components. [27] [28] [29] Previously, we have developed a domain stability map which predicts the stable domain structure and the fractions of a polydomain state, taking into account the combined effects of lattice mismatch between the film and the substrate, the difference in the thermal expansion coefficients of the film and the substrate, the structural phase transformation, and the possibility of relaxation of the strain by misfit dislocations at the deposition temperature. 29 To be used as capacitor elements, ferroelectric films are sandwiched between metallic or conducting perovskite oxide electrode layers. Among others, La 0.5 Sr 0.5 CoO 3 ͑LSCO͒ electrodes have provided dramatically improved fatigue, retention, and imprint characteristics when compared to conventional Pt electrodes. 30 In addition, the choice of LSCO as the electrode minimizes both epitaxial and thermal stresses since its lattice parameter matches well with Pb-based perovskites and thermal expansion coefficients of perovskites are similar (ϳ10-12ϫ10 Ϫ6°C ). 31 In this article, we discuss the effect of LSCO electrode layer thickness and configuration on the microstructure of PbZr 0.2 Ti 0.8 O 3 ͑PZT͒ films on SrTiO 3 ͑STO͒ substrates in conjunction with previous theoretical work. [27] [28] [29] We focus on a͒ Electronic mail: alpay@glue.umd.edu the different possible relaxation mechanisms at the substrate-electrode, bottom electrode-film, and film-top electrode interfaces.
II. EXPERIMENTAL CONDITIONS
Three different types of samples as illustrated in Fig. 1 were deposited at 650°C and 100 mTorr oxygen partial pressure on ͑001͒ epitaxial grade STO substrates ͑Crystec. GmbH, Germany͒ by pulsed laser deposition ͑PLD͒. The samples were cooled at a rate of 1°C/min from the growth temperature. Details of the deposition conditions were reported elsewhere. 32 The thicknesses of individual layers were confirmed by Rutherford backscattering ͑RBS͒ and TEM.
X-ray diffraction ͑XRD͒ experiments for all samples were done on a four-circle Siemens D5000 diffractometer with monochromated Cu K␣ radiation. Crystallographic characterization was accomplished with standard -2 scans, rocking curves, and scans, with angular resolutions of ϳ0.1°, ϳ0.1°, and ϳ4°, respectively. Epitaxial growth in the samples was established from scans and the presence of only 00l type reflections in the -2 diffraction pattern.
TEM ͑Phillips 430, operated at 300 keV͒ was employed to obtain plan-view and cross-sectional microstructures of samples A and B. Cross-sectional TEM specimens were prepared using the standard procedure of cutting, gluing, slicing, grinding, dimpling, and ion milling. Plan-view specimens were prepared by dimpling and ion milling from the substrate side. The specimens were not cooled during ion milling.
III. RESULTS AND DISCUSSION

A. Microstructural characterization
In Figs. 2͑a͒-2͑c͒ we show the -2 XRD patterns from 40°to 50°͑high -angle resolution͒ of all the samples. The absence of the 200 PZT peak ͓the approximate location of 200 PZT peak is marked in Figs. 2͑a͒-2͑c͔͒ may lead to an incorrect conclusion that the PZT layer is completely c-axis oriented. However, their absence is due to the tilting of the a-domains away from the (00l) planes of the substrate because of the tetragonality of the PZT film ͓c/aϳ1.05 ͑Ref. 31͒ at room temperature, corresponding to a theoretical tilt angle of ϳ2.9°͔ and thus depending on the -angle resolution h00 type of reflections of the PZT film may disappear in a -2 scan. Therefore, using the integrated intensities of the 002 and 200 peaks of the PZT layer from the standard -2 XRD pattern to calculate domain fractions of the PZT film may give misleading results ͑usually an overestimation of the c-domain abundance 8 ͒. To obtain the domain populations in the twinned PZT layer more accurately, the integrated intensities of either the -scans [8] [9] [10] or the rocking curves of the 00l and h00 PZT peaks 8, 17 should be employed. If the rocking curves are used, the c-domain fraction ␣ c is given by:
where From the rocking curves, the domain populations in the PZT layer can be estimated via Eq. ͑1͒. The c-domain fractions of samples A, B, and C are almost equal ͑0.83 for A, 0.85 for B and C͒ and we will further discuss this fact in connection with the domain stability map 29 and possible relaxation mechanisms at the layer interfaces. In addition to the domain populations, the full width at half maximum ͑FWHM͒ of the 002 rocking curves for the same samples also give similar values ͑0.80 for A, 0.85 for B, and 0.81 for C͒. The tilt of the a-domains from the ͓002͔ direction of the substrate ͑the distance of the a-domain lobes divided by 2, i.e., ⌬/2͒ is 2.30°for sample A, 2.35°for sample B, and 2.33°for sample C. These measured values of the tilt angles are less than the theoretically predicted value of 2.9°because the tilt due to the tetragonality of the PZT layer is accommodated in both a-and c-domains causing also a fourfold splitting in the 002 PZT peak. 9, 10 This is an expected result since the polydomain structure seen in ferroelectric films usually has a domain period D that is either comparable to the film thickness h or less than h ͑i.e., D/hр1͒. The theoretical value of ϳ2.9°can only be detected in films with D/hӷ1, which should consist of large blocks of a-and c-domains rather than the thin lamellar domain configuration, and to our knowledge these types of polydomain microstructures have not been observed.
In Figs . These are threading dislocations emanating from the film-substrate interface reaching the free surface. The threading dislocations pass through the twins which implies that the dislocation generation has preceded the domain formation process. Similar microstructures were observed for samples B and C with misfit dislocations starting from the bottom electrode-PZT film interface.
In Figs. 5͑a͒ and 5͑b͒, a selected area diffraction ͑SAD͒ pattern obtained from a cross-sectional specimen of sample A and its schematic representation are illustrated. From Fig.  5 the following can be determined: ͑a͒ the c variant has both c and a axes parallel to the cubic axes of the STO substrate; ͑b͒ the a variant is tilted around ͓100͔ ϳ3°towards the interdomain interface along ͑011͒, in agreement with the tilt obtained from the rocking curve ͑ϳ2.3°͒; ͑c͒ the c/a ratio in both variants is about the same ͑ϳ1.055͒. This suggests that either both variants are in an unstressed state or both are stressed uniaxially by the same amount along ͓100͔.
B. Theoretical interpretation
To explain experimental observations, we will use the domain stability map 29 which shows regions of stability of possible domain structures as a function of the misfit strain, ⑀ M ϭ(aϪa s )/a s , and the tetragonality, ⑀ T ϭ(cϪa)/a, where c and a are the unconstrained ͑or bulk͒ lattice parameters of the film, and a s is the lattice parameter of the substrate.
The bulk lattice parameters of PZT, STO and LSCO 31 are listed in Table I at various temperatures. High temperature lattice parameters of STO and LSCO were calculated using the thermal expansion coefficients ͑ϳ11ϫ10 the room temperature (RTϭ25°C) bulk lattice parameters and the Curie temperature ͑T C Х450°C
31
͒ for this composition, we have modeled high temperature behavior to resemble the temperature dependence of bulk PbTiO 3 which is well established. 31 The formation of the microstructure of the 400 nm thick PZT film on the STO substrate ͑sample A͒ is a result of a combination of two different mechanisms for strain relaxation: misfit dislocation generation at the deposition temperature and polydomain formation below T C . One would expect that since at RT a s Ͻa, the PZT film should consist of only c-domains because this configuration gives the minimum amount of strain energy density in the film when compared to a polydomain state consisting of a mixture of either c-and a-domains ͑...c/a/c/a... domain pattern͒ or two orientational variants of a domains ͑...a 1 /a 2 /a 1 /a 2 ... domain pattern͒. However, the observed domain structure at RT is the ...c/a/c/a... structure with the c-domain fraction equal to ϳ0.83 for sample A. At the deposition temperature (T G ϭ650°C), the PZT film has a cubic structure with a lattice parameter of a 0 Х0.4001 nm resulting in ϳ1.75% strain due to mismatch between the STO substrate and the film. The stresses in the PZT film are compressive and can be relaxed by misfit dislocation generation at the film-substrate interface. 33 This relaxation can be taken into account using an ''effective'' substrate lattice parameter ā s given by
where
is the equilibrium linear dislocation density at the deposition temperature, ⑀ϭ(a s Ϫa 0 )/a s is the misfit strain, and h is the critical thickness for dislocation generation below which dislocation formation is not feasible. 33 With the assumption that no additional dislocations form during cooling down, the above equations may be utilized to calculate the misfit strain ⑀ M at any temperature. The critical thickness h is around 8-10 nm for PZT on STO, calculated from the modified version of the Matthews-Blakeslee ͑MB͒ criteria given by Speck and Pompe 20 for perovskite oxides. If the equilibrium dislocation density is attained at T G ͓Х4.2 ϫ10 6 cm
Ϫ1
, from Eq. ͑2b͔͒, the strain due to lattice mismatch is reduced by ϳ98% (h /hϭ0.02-0.025).
The effective substrate lattice parameter concept can be interpreted in two ways: addition of ''extra'' atomic planes to STO or inserting negative edge dislocations to the filmsubstrate interface ͑i.e., removal of atomic planes in the film͒. The former is unlikely because the substrate is generally much thicker than the film and the stresses in the substrate are often insignificant. 34 Thus, at T G the in-plane ͑or lateral͒ dimensions of the film and the substrate become equivalent and the film is in an unstressed state.
When the deposition process is complete, the film is cooled down from T G and when T C is reached, the structural phase transformation occurs. In the interval T G ϽTϽT C , we assume that the thermal strain due to the difference in the thermal expansion coefficients of STO and PZT ͑both ϳ11 ϫ10 Ϫ6°CϪ1 ͒ is negligible. Due to the cubic-tetragonal transformation, the in-plane dimensions of the film decreases and the film can relax resultant tensile stresses by forming the ...c/a/c/a... polydomain structure.
The domain stability map 29 for the 400 nm PZT film on the ͑001͒ STO substrate is shown in Fig. 6 . To take into account the misfit dislocation relaxation at the deposition temperature, the map is constructed in terms of the effective misfit strain, ⑀ M ϭ(aϪā s )/ā s , rather than the misfit strain. The stability regions are determined by the thermodynamic equilibrium between possible domain structures and are a function of the film thickness. The effect of film thickness is accounted for by using a parameter ϭͱh cr /h, 28, 29 where h cr is the critical film thickness for the formation of the ...c/a/c/a... polydomain structure. The existence of such a critical thickness is due to microstresses which are a result of the periodic deviation of the actual misfit strain from the average misfit on the interface between the polydomain structure and the substrate. 28 This thickness is around 25 nm ͑Ref. 8͒ for epitaxial PbTiO 3 on ͑001͒ STO, and assuming that this thickness is almost the same for 20/80 PZT films we obtain Х0. 25 . The boundary between the ...c/a/c/a... structure and the single-domain c structure is given by ⑀ T ХϪ10.4⑀ M , whereas its boundary to the ...a 1 /a 2 /a 1 /a 2 ... structure is defined as ⑀ T ХϪ3.0⑀ M ͑the slopes were calculated using the thermodynamic approach developed in Ref. 29 , assuming that the Poisson's ratio of the film and the substrate is 0.3͒. The ⑀ T -⑀ M pairs are evaluated as a function of temperature and plotted in the map in 50°C intervals up to T C , which are the solid circles in Fig. 6 . It can be seen that the stable domain structure is the ...c/a/c/a... pattern at temperatures below T C . For more detailed descriptions and derivations, the reader is referred to the original articles. [27] [28] [29] The c-domain fraction in the ...c/a/c/a... structure ␣ c can be evaluated theoretically using the expression below: 
where is the Poisson's ratio of the film and is assumed to be 0.3 from hereafter. Equifraction lines which are the solutions of the above equation for ␣ c ͑with ϭ0.25͒ are shown as thin lines in the stability region of the ...c/a/c/a... structure in Fig. 6 . The effective misfit strain is given by ⑀ M ϭ(aϪā s )/ā s , where ā s is defined in Eq. ͑2a͒. Its value can be calculated to be Ϫ0.0093 at RT utilizing Eq. ͑2a͒ with Х4.2 ϫ10 6 cm
. The tetragonality is ϳ0.051 and Eq. ͑3͒ estimates the c-domain fraction as ϳ0.85 ͑i.e., the equifraction line with ␣ c Х0.85 passes through the point ͕⑀ M (RT),⑀ T (RT)͖ in Fig. 6͒ . This theoretical prediction is in good agreement not only with the experimentally observed value of ␣ c of sample A ͑ϳ0.83͒, but also with the c-domain fractions of samples B and C ͑ϳ0.85͒ which contain an intermediate 50 nm thick LSCO layer as the bottom electrode ͑Fig. 1͒.
Similar domain structure and population in samples A, B, and C can be explained with the absence of misfit dislocations at the substrate-bottom electrode interface although the thickness of the bottom LSCO layer is ϳ10 times greater than the MB critical thickness 33 ͑ϳ6 nm͒. The bottom LSCO electrode is coherently strained to match the STO substrate. This can be verified using the out-of-plane lattice parameter of the LSCO layer from the -2 XRD patterns to calculate the in-plane biaxial strain in the layer and comparing it to theoretical expectations. The magnified portion of the -2 scans close to 002 LSCO peaks for samples B and C is shown in Fig. 7 . The peaks were calibrated using the sin of the 002 STO peak. The lattice parameter of the LSCO layer is ϳ0.3763 nm ͑Ϯ0.0010 nm͒ for both samples B and C. The measured lattice parameter of the LSCO electrode is the parameter normal to the substrate-bottom electrode interface and it is less than its bulk value of 0.3830 nm indicating a compressive strain along ͓001͔.
In the absence of misfit dislocations at the substratebottom electrode interface, cube-on-cube epitaxy of STO and the bottom LSCO layer ͑La 1Ϫx Sr x CoO 3 compounds for 0 ϽxϽ0.55 have actually a rhombohedral structure but for the La 0.5 Sr 0.5 CoO 3 composition, the lattice can safely be assumed to be cubic 35 ͒ requires a biaxial strain state with equal orthogonal in-plane components concentrated in the LSCO film ͑the thickness of substrate is much larger than the thickness of LSCO͒. If the substrate and the LSCO layer are assumed elastically isotropic and their elastic constants are equal, the out-of-plane component of the misfit strain tensor ⑀ zz , is related to the in-plane components as
and a s is the lattice parameter of the STO substrate, a LSCO 0 is the unconstrained ͑bulk͒ lattice parameter of LSCO, and ⑀ xx and ⑀ yy are the in-plane components of the misfit strain. The value of ⑀ is ϳ1.958% at RT. Therefore, Eq. ͑4͒ finds ⑀ zz as Ϫ1.678% ͑compression͒. Then, the out-of-plane lattice parameter of the LSCO layer a LSCO Ќ can be calculated using
which gives a LSCO Ќ ϭ0.3768 nm. This compares well with the experimental observation of 0.3763 nm obtained from the 002 LSCO XRD peak and supports the coherency of the substrate-bottom electrode interface. This is not an unexpected result since kinetic factors usually limit the misfit dislocation formation and may significantly increase the MB critical thickness. 34 The bottom electrode with 50 nm thickness is a strained replica of the STO substrate and therefore there is no change in the domain structure and domain population for samples B and C when compared to sample A.
There is also a peak at ϳ0.3803 nm riding on the tail of the 002 LSCO peak of sample C ͑Fig. 7͒ which we believe is coming from the top LSCO layer. The top electrode shows some amount of relaxation, probably due to misfit dislocations at the PZT-top electrode interface. This is because the misfit strain at T G between the STO substrate and the bottom electrode layer is ϳ1.8% ͑compressive͒ compared to ϳ3.8% ͑tensile͒ between the PZT film and the top electrode. A higher amount of misfit lowers the MB critical thickness to ϳ2-3 nm and this may be the reason for misfit dislocation formation at this interface. Following the discussion above, we summarize possible relaxation schemes for samples A, B, and C in Fig. 8 which is based on calculations of in-plane strains from the lattice parameters of LSCO obtained from -2 XRD patterns.
Another important conclusion is that depolarizing fields at the free surface of sample A due to c domains do not affect the domain structure and fractions since sample C, for which the free charges are compensated for by the conducting top and bottom LSCO electrode layers, has the same structure with the same c-domain abundance as sample A. The misfit at the substrate-PZT film interface ͑sample A͒ and at the bottom electrode-PZT film interface ͑samples B and C͒ are equal due to the coherency of the intermediate LSCO layer and the domain structure is determined only by mechanical factors.
IV. CONCLUSION
In this article, we have investigated the effect of electrode layers on the domain structure of epitaxial PZT films on ͑001͒ STO. XRD and TEM results show that PZT films with no electrode layer, with a 50 nm electrode layer between the film and the substrate, and with 50 nm electrode layers on top and bottom of the PZT film have a ...c/a/c/a... domain structure and the fraction of c domains is ϳ0.85 in all cases. Based on the lattice parameter of the bottom LSCO layer measured from the -2 XRD pattern, we have shown theoretically that this layer is coherently strained to match the substrate. We have also demonstrated that the polydomain structure and the relative abundance of domains can be predicted theoretically with reasonable accuracy using the domain stability map. No change in the domain structure and domain populations in the samples with electrode layers has also indicated that depolarizing charges do not affect the domain structure.
To completely understand the relaxation at the interfaces in an epitaxial stack such as samples B and C, detailed high resolution TEM imaging of interfacial dislocations is needed. We believe that these interfaces are important for the design of more reliable and high quality epitaxial stacks containing ferroelectric films.
FIG. 8. Summary of possible relaxation mechanisms at the layer interfaces:
͑a͒ sample A is relaxed at T G by misfit dislocations and below T C by domain formation, ͑b͒ sample B with a coherent substrate-bottom electrode interface is relaxed by misfit dislocations at the bottom LSCO layer-PZT interface similar to sample A accompanied by domain formation below T C , and ͑c͒ sample C, showing similar relaxation at the substrate-bottom electrode and bottom electrode-PZT interfaces as sample B but the top electrode is relaxed by misfit dislocations at the PZT-top electrode interface.
